Object. The purpose of this study was to provide an evidence-based algorithm for the design, development, and implementation of a new checklist for the response to an intraoperative neuromonitoring alert during spine surgery.
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C
heCklists have become a routine action item in the aviation field. Over the past few years, general surgeons in several countries have also explored the use of checklists. Since the publication of the WHO surgical safety checklist and the SURPASS checklist in the New England Journal of Medicine in 2009 and 2010, respectively, 16, 26 checklists in surgery have gained a foothold in many surgical departments and operating rooms worldwide. They have even been mandated by the government in certain countries, including the United Kingdom. 19, 47, 50 The published study of the WHO checklist implementation demonstrated a decrease in deaths from 1.5% to 0.8% (p = 0.003) and a decrease in the overall rate of complications from 11% to 7% (p < 0.001) following implementation of the checklist. 26 The SURPASS study documented exactly the same reduction in mortality (1.5% to 0.8%, p = 0.003) as the WHO study and a reduction in overall complications from 15.4% to 10.6% (p < 0.001) following implementation of a perioperative checklist (see Table 1 ). The combination of these studies led one New England Journal editorialist to suggest that surgical checklists "seem to have crossed the threshold from good idea to standard of care." 1 The design, development, and implementation of a checklist for intraoperative neuromonitoring changes In addition to the reduction of death and complications seen in these studies, checklists may offer other benefits as well. Recent work demonstrates that checklists may reduce costs by preventing complications and may improve team work and patient safety culture. 25, 42 A study in the Netherlands suggested that SURPASS checklist use may reduce malpractice claims. 15 An area in which the checklist itself may prove most beneficial is during urgent or emergent operations or operating room crises. 28, 51, 54 Despite physicians' perception that they are able to perform similarly under emergent and normal circumstances, 27,44 evidence from the literature suggests that this is not the case. 3, 5, 34, 43 Surgical emergencies and operating room crises are stressful, time-critical events requiring rapid and coordinated management to provide the best chance of successful outcome. Human performance clearly suffers under this stress and time pressure, 34, 43 and memory aids to combat this decreased performance are largely lacking in the operating room. 3, 5, 30, 44 Evidence suggests that checklists may be of particular value in these stressful, time-critical situations, when humans are most likely to underperform. 28, 51, 54 A recent pilot study of a set of crisis checklists for the most common and life-threatening operating room crises demonstrated a 6-fold reduction in surgical teams' failure to adhere to critical steps in management in simulated crises in a high-fidelity simulation setting. 54 Intraoperative signal loss represents such a situation.
The presence of a new neurological deficit following spine surgery is a rare but problematic complication. 38 The estimated incidence of a new neurological deficit following spine surgery ranges from 1% to 1.9%.
24,29,41
Multimodality intraoperative neuromonitoring-including monitoring of somatosensory evoked potentials and motor evoked potentials and electromyography-has been shown to be both highly sensitive and specific in detecting a potential neurological deficit. 17, 18, 35 The use of intraoperative neuromonitoring allows the surgical team the potential for real-time identification of neural element dysfunction and the possibility to remedy reversible causes, including hypotension, ongoing cord compression, or overcorrection of deformity. 21, 31, 40 Due to the strong relationship between anesthetic administration and the effectiveness of monitoring, [12] [13] [14] 36, 45, 49 which can result in false-positive monitoring alerts, 32 effective teamwork and communication between the anesthesia, neuromonitoring, and surgical teams is necessary to determine the cause and to institute corrective action in response to monitoring alerts. Furthermore, a need for evidencebased protocols for responding to neuromonitoring alerts has been recognized, 17 and to this end some groups have proposed management protocols for high-risk spine patients that include responses to neuromonitoring changes. 23, 40 In light of the recent evidence demonstrating the potential benefit of checklists in emergent situations, and based on a recognized need to quickly and effectively respond to intraoperative monitoring changes in a cohesive fashion, we sought to develop a checklist for responding to intraoperative monitoring alerts.
Despite the recent momentum behind surgical checklists, checklists are not without their flaws and pitfalls, 2,3,9,25,42,47,52 nor are they simplistic or straightforward to implement.
7,47 Table 2 depicts the pros and cons associated with surgical checklist use. Evidence from the United Kingdom, France, and Washington State demonstrates significant hurdles to successful checklist adoption.
7,19,47
Nevertheless, several factors associated with successful checklist implementation have been identified.
7 Table 3 summarizes barriers to successful checklist implementation and features associated with successful adoption.
Spine surgeons have had relatively little experience incorporating checklists into practice. 39 Our aims in this paper are to provide a logical, evidence-based algorithm for checklist design, development, and implementation in spine surgery and to provide a checklist for the response to intraoperative neuromonitoring alerts, based on this algorithm.
Methods
We initially surveyed the literature regarding the key aspects of aviation and surgical checklist design, development, and implementation. [3] [4] [5] [7] [8] [9] [10] [11] 19, 20, 22, 48, 52 We focused on the 2 large, prospective studies that were the main impetus for the global spread of the concept of checklists in surgery (Table 1) . 1, 16, 26 Following this review, we analyzed the benefits and drawbacks of checklists and barriers to successful implementation, as well as successful implementation strategies (Tables 2 and 3 ). Based on the experience published in the aviation and general surgical literature, we devised an algorithm for the design, development, and implementation of checklists for neurosurgery.
Next, the literature was surveyed for evidence behind best practices for responding to intraoperative monitoring. All stakeholders (neurosurgeons, orthopedic surgeons, anesthesiologists, and neuromonitoring personnel) were then involved in discussions regarding both the content and structure of the checklist. When evidence from the literature for particular items was lacking or contradictory, multidisciplinary consensus was sought to determine the appropriateness of checklist items. An initial draft of the checklist was created, and a small-scale trial was performed with key stakeholders to assess the usability of the checklists. This process was repeated until the usability of the checklist was confirmed. Following these trials, the checklist was revised to its present form.
Results
An Algorithm for Checklist Design, Development, and Implementation
We used the recent experience with the design, development, and implementation of checklists in aviation and general surgery to create a logical algorithm for checklist design, development, and implementation in neurosurgery. Figure 1 depicts this algorithm. The key steps include the following: 1) clearly explaining the goals of the project and the philosophy behind it; 2) determining the procedure or condition for which a checklist will be used at an organizational level; 3) obtaining support from the surgical leadership; 4) involving from the outset all stakeholders (surgeons, anesthesiologists, and supporting staff) who will have a role in the use and implementation of the checklist and listening actively to all input; 5) drafting an initial checklist of items (based on evidence review and expert consensus) that are most likely to cause harm if an error of omission or commission occurs (with a focus on keeping the checklist logical and concise as possible); 6) recirculating a draft for review among all stakeholders and redrafting based on multidisciplinary feedback; 7) performing trials in small-scale settings (in a single operating room or in high-fidelity simulation) and redrafting based on usability; 8) training all staff involved in checklist use, focusing on "explaining why" checklists are being implemented and "showing how" they are implemented 6 (with highly visible involvement of surgical leaders); 9) modifying the checklist to address local hospital considerations; 10) rolling out the checklist initially to early adopters who believe in the concept; 11) rolling out the checklist to the full perioperative staff; 12) measuring compliance and completion to obtain feedback and track outcomes; 13) revising the checklist based on feedback; and 14) providing periodic retraining to accommodate new hires and prevent decay in checklist compliance and completion.
Using this algorithm we created a checklist for intraoperative neuromonitoring alerts (Fig. 2) for use in the surgical treatment of patients with myelopathy (Fig. 3 ) or spinal deformity (Fig. 4) . This checklist includes the items identified through a literature review, which we thought to be critical to properly identifying the cause of an intraoperative monitoring alert and for attempting to reverse those causes. The checklist is meant to be as concise as possible. It is partitioned into sections for the surgeons, anesthesiologists, and neuromonitoring personnel such that they can perform key steps in parallel while ensuring communication is ongoing.
The surgeons are reminded to employ techniques largely aimed at reducing mechanical compression or stretch on the spinal cord. Surgical options include searching for a specific structural cause of compression, such as misplaced hardware or bone graft or releasing deformity correction.
The anesthesia team is directed to review the anesthetic regimen and discuss the anesthetic regimen with the neuromonitoring team to determine possible effects of anesthetic agents on neuromonitoring signal change. Anesthesia options include temporarily withholding any inhalational anesthetic agents (for example, desflurane) and using total intravenous anesthesia. In addition, the anesthesia team is encouraged to discuss the anesthetic regimen with the neuromonitoring personnel and to double-check that the patient has twitches on the twitch monitor to confirm that there is no pharmacological neuromuscular blockade. Furthermore, the anesthesia team may increase the mean arterial pressure in the event that an alert is related to spinal cord hypoperfusion. The neuromonitoring team is directed to perform actions that largely confirm the change is not due to artifact or equipment malfunction, including repeating the signals and verifying that all leads are correctly placed.
The checklist is designed to enhance teamwork by incorporating checks that specify that team members should communicate key findings and relevant actions to each other. We used the checklist in Fig. 2 in 3 cases with intraoperative neuromonitoring alerts to verify its feasibility. In all 3 cases, the checklist effectively identified anesthetic regimen changes that were responsible for the neuromonitoring alerts. Our team discussed these 3 cases and found that no alterations to the checklist were needed (Fig. 4) .
Discussion
Previous efforts to reduce errors in medicine and surgery have not met with the same success as efforts at error prevention in aviation and other high-reliability fields. 26, 30, 53 Checklists for surgery are being pursued due to the increasing recognition that errors in surgery are possible, may result in harm, and may be preventable. The experience with checklists in surgery draws heavily from the aviation industry.
The experience in the aviation industry and initial surgical experience with checklists in normal and emergent settings demonstrates that they can engender cultural change and improve teamwork and communication. 16, 25, 26, 54 It is for these reasons, as well as for potential corollary benefits such as reducing malpractice claims and generating cost savings, 15, 42 that neurosurgeons have begun to explore the utility of checklists.
Before embarking on checklist use, however, neurosurgeons must be aware of significant potential drawbacks and pitfalls. Checklists are not a panacea, nor do they substitute for a culture oriented toward patient safety. Especially, they are never a replacement for sound judgment, solid training, and personal responsibility. Furthermore, checklists do not exist in a void. They are implemented into specific social and cultural contexts 19 that vary by profession, location, department, and operating room. In the case of surgical checklists, they often are employed in contexts that have been historically hostile to notions of safety initiatives due to their potential hindrance of a practitioner's autonomy. 28 Checklists have at times been viewed by practitioners as a bureaucratic nuisance that is employed just to meet accreditation standards. 50 Given this, it is not surprising that implementation of checklists, particularly the WHO checklist, has met resistance and has not achieved complete penetrance, even in locations in which it is mandated. 7, 19, 47, 50 Calland et al. 6 studied the implementation of a surgical checklist by randomly assigning 10 surgeons to checklist use or no checklist use for performance of laparoscopic cholecystectomies. Video review of surgical teams that employed the checklist demonstrated a significant increase in positive safety-related team behaviors, such as explicit communication of roles and responsibilities, contingency planning, and postsurgical debriefings. However, subjective ratings of cases by surgeons showed that those in the checklist arm consistently felt their cases involved less effective communication and less team efficiency than those in the nonchecklist arm. 6 This highlights the fact that even if objective evidence supports the benefits of checklists in their cases, surgeons may be reluctant to implement checklists, given their subjective attitudes toward them. Nevertheless, some efforts at implementation have been remarkably successful. 7, 37 The Department of Neurological Surgery at the Mayo Clinic in Arizona achieved a 99.5% compliance rate over 8 years with a checklist for use prior to neurosurgical procedures. 37 In his article describing the experience, Lyons 37 notes that checklist and other safety and quality improvement initiatives are readily implemented at that institution, in part due to a surgical culture dedicated to patient safety where checklist adoption is believed to add value to patient care and peer pressure is exerted to bring surgeons into compliance with patient safety initiatives. Accordingly, Conley et al.
7 studied the implementation of the WHO checklist in Washington State and noted that successful implementation depended heavily on an institution's surgical culture, and in particular, the enthusiastic engagement of surgical leaders in "explaining why" and "demonstrating how" checklists could be effective. 7 We placed these factors at the top of our algorithm.
Based on the knowledge that human cognitive capacity declines in stressful and time-critical situations, groups have begun to devise checklists for emergency situations, with some initial promise. 28, 51, 54 A pilot study of a group of checklists for the 12 most common and life-threatening operating room crises in a high-fidelity simulator found that failure of surgical teams to adhere to known best practices for management was reduced 6-fold when checklists were used to manage the crises.
54 Along these lines, neurosurgeons have begun to tailor checklists to their specific needs, 33 including emergent situations.
46
Recognizing the time-dependent and stressful nature of intraprocedural aneurysmal rupture, as well as the complexity of coordinating the multiple steps in appropriate management, Taussky and colleagues 46 have developed a checklist for endovascular intraprocedural aneurysm rupture. Loss of intraoperative monitoring signals represents a similarly time-critical, stressful situation, with an array of causes involving surgical, anesthetic, and technical possibilities-both benign and potentially catastrophic, and it requires a rapid, coordinated approach to the identification and resolution of the causal elements. Because of this multidisciplinary management complexity and the time-critical nature of an effective response, intraoperative neuromonitoring alerts may be the type of situation most conducive to checklist use.
Previous work has sought to provide a framework for addressing responses to intraoperative neuromonitoring signal loss. Pahys and colleagues, 40 in reviewing neurological injury in the treatment of idiopathic scoliosis, provide an algorithm for an approach to neuromonitoring signal loss that includes many factors critical to management in such instances, including raising the mean arterial pressure, checking the patient's hemoglobin level, and releasing corrective forces. Their algorithm, however, is not presented in simple checklist form, which may limit its utility in the time-critical scenario encountered in the event of intraoperative monitoring signal change. In detailing their comprehensive protocol for managing high-risk spine patients at Northwestern, Halpin et al. 23 highlighted the intraoperative features necessary for appropriate management, especially the need for communication among teams and keeping up with blood loss. This management protocol, however, is meant to encompass the full scope of care of high-risk spine patients from their preoperative evaluation through their postoperative course. 23 This broad and comprehensive protocol may not be ideally suited for the rapid response needed in the event of intraoperative neuromonitoring signal change.
Our neuromonitoring alert checklist is brief, straightforward to use, and has been effective in our experience. It involves the key stakeholders in surgeries for spinal myelopathy or spinal deformity (the surgeons, the anesthesia team, and the neuromonitoring team). It highlights the key items that often lead to neuromonitoring alerts and provides rapid steps to assess and remedy correctable issues.
Despite the promise of a checklist to guide the response to an intraoperative neuromonitoring alert, many questions remain. The checklist has not yet undergone a large-scale trial to assess generalizable utility. The ideal person to read and run the checklist (for example, the surgeon, anesthesiologist, or monitoring specialist) is unknown, and the choice is not straightforward, given that many tasks must occur simultaneously. Similarly the best presentation of the checklist, whether it be on the wall, on the anesthesia machine, or accessible in electronic form, for instance, is unknown. Finally, the clinical efficacy is not known. To demonstrate the clinical efficacy of a checklist for intraoperative neuromonitoring alert, a large, multicenter trial would likely be necessary to demonstrate a measurable change in outcome given the relatively low incidence of neurological injury. 10, 13, 20 
Conclusions
Checklists have long been used in aviation to reduce error, and checklists in general surgery have recently demonstrated efficacy in reducing complications and death. This has led some neurosurgeons to begin utilizing checklists with encouraging initial results. However, neurosurgeons and orthopedic surgeons must be mindful of the drawbacks and limitations of checklists. Surgeons should remember that checklists are never a substitute for sound clinical judgment, good training, and personal responsibility. We have created an algorithm for design, development, and implementation of a spine surgeon's checklist and have used this algorithm to create a checklist for the multidisciplinary response to significant intraoperative neuromonitoring alerts. The algorithm for checklist design may be used to create checklists for other intraoperative issues. Ideally, neurosurgeons and orthopedic surgeons should create and implement neurosurgical checklists rather than have them dictated by others. 
